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(57) Abstract 

An active pixel sensor circuit including a photodetector, a first MOS transistor functioning as the driver of a source follower amplifier 
during signal readout, a second MOS transistor serving as a pixel readout transistor, a third MOS transistor serving as a photodetector reset 
transistor, and a reset noise cancellation circuit including a fourth MOS transistor, first and second capacitances, and an amplifier having 
a gain which is a specified multiple of the ratio of the first to the second capacitance. The first capacitance is connected in parallel to the 
photodetector. The amplifier reduces the reset noise caused by resetting the photodector without having to implement correlated double 
sampling. 
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LOW-NOISE ACTIVE-PIXEL SENSOR FOR IMAGING 
ARRAYS WITH HIGH SPEED ROW RESET 

BACKGROUND OF THE INVENTION 

1. Related Applications 

This application is a continuation-in-part application of U.S. Serial 
5 No. 09/149,937 filed on September 9, 1998. 

2. Field of the Invention 

The present invention relates to electronic imaging devices and, in particular, 
to low-noise MOS-based imagers having minimal analog components in each pixel. 
The invention provides both a method and apparatus for significantly improving 
10 cancellation of reset noise in an MOS active pixel sensor (APS). 

2. Description of Related Art 

The prior art describes many alternatives to CCD sensors for generating video 
or still images. The various schemes can be grouped into two basic classes, 
depending upon whether signal amplification is performed at each pixel or in support 

15 circuits. In the passive-pixel sensor, pixel simplicity and optical fill factor are 
maximized. Active-pixel sensors (APS's) include an amplifier at each pixel site to 
instead optimize signal transfer and sensitivity. 

The simplest passive pixel comprises a photodiode and an access transistor 
wherein the photo-generated charge is passively transferred from each pixel to 

20 downstream circuits. The integrated charge must, however, be efficiently transferred 
with low noise and low nonuniformity. Since each column of pixels often shares a 
common row or column bus for reading the signal, noise and nonuniformity 
suppression are typically facilitated in the "column" buffer servicing each bus. In U. 
S. Patent 5,043,820, Wyles teaches using a buffer amplifier with capacitive feedback 

25 to yield reasonable sensitivity considering the large bus capacitance. Since such 
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charge-amplification means were not generally practical for on-chip implementation 
in early MOS imaging sensors, alternative means compatible with NMOS technology 
were used. One approach which was mass-produced by Hitachi for camcorders is 
described in "MOS Area Sensor, etc. ..." Parts I and II" in IEEE Trans. Electron 
5 Devices, ED-27 (8), August, 1980, pp. 1676-1687. The key refinements with respect 
to the transimpedance amplifier include anti-blooming control and circuitry for 
reducing fixed pattern noise. Though these imagers were inferior to the emerging 
charge coupled device (CCD) imagers available at the time, similar MOS imagers are 
still being offered commercially. 

10 Subsequent efforts at improving passive-pixel imager performance have also 

focused on column buffer enhancements. One improvement to the column buffer 
involved using an enhancement/depletion inverter amplifier to provide reasonably 
large amplification in a small amount of real estate; its 40 lux (lx) sensitivity was 
nevertheless nearly an order of magnitude below that of competing CCD-based 

15 sensors. Another improvement both enhanced sensitivity and facilitated automatic 
gain control via charge amplification in the column buffer. Recently, those working 
in the art have revisited the original capacitive-feedback transimpedance amplifier 
(CTIA) concept because the CTIA appears to the inventors to be nearly ideal for 
passive-pixel readout if issues with temporal noise pickup and fixed-pattern noise are 

20 adequately addressed. 

Though much progress has been made in developing passive-pixel imagers, 
their temporal S/N performance is fundamentally inferior to competing CCD imagers 
because the bus capacitance translates to read noise of =400 e-. CCDs, on the other 
hand, typically have read noise of 20 to 40 e- at video frame rates. Nevertheless, the 

25 allure of producing imagers in conventional MOS fabrication technologies rather than 
esoteric CCD processes (which usually require many implantation steps and complex 
interface circuitry in the camera) has encouraged the development of active-pixel 
sensors that can better compete with CCDs. 

It appears to the inventors that the first step in such development is to mitigate 

30 the noise associated with the bus capacitance. One approach has been to add 

amplification to the pixel via the phototransistor by means of a Base-Stored Image 
Sensor (BASIS) which uses a bipolar transistor in emitter follower configuration 
together with a downstream correlated double sampler to suppress random and 

2 
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temporal noise. By storing the photogenerated-signal on the phototransistor's base to 
provide charge amplification, the minimum scene illumination was reportedly reduced 
to 10 3 Ix in a linear sensor an-ay. However, the minimum scene illumination was 
higher (10" 2 Ix) in a two-dimensional BASIS imager having 310,000 pixels because 
5 the photoresponse nonuniformity was relatively high (<2%). These MOS imagers had 
adequate sensitivity, but their pixel pitch was too large at about 13 Jim. It has thus 
appeared desirable to the inventors to shrink the pixel pitch while also reducing 
photoresponse nonuniformity. 

Since the incorporation of bipolar phototransistors is not strictly compatible 

10 with mainstream CMOS processes, others have segregated photodetection and signal 
amplification in an active-pixel sensor essentially comprising a three-transistor pixel 
with photodiode. All such proposals still offer inadequate performance. One 
approach discussed in U. S. Patent 5,296,696, for example, augments the basic source- 
follower configuration with a column buffer that cancels fixed pattern noise, but adds 

15 a fourth transistor in a manner that creates a floating node vulnerable to generation of 
random offsets from charge-pumping and concomitant charge redistribution. U. S. 
Patent 5,043,820 offers a method for injecting charge to reduce offset errors, but not 
with adequate accuracy and resolution to be useful for competing with CCDs. 
Furthermore, these and other similar approaches which require 3-4 transistors in the 

20 pixel (at least one of which is relatively large to minimize amplifier 1/f noise) in 
addition to the photodiode, also require off-chip signal processing for best S/N 
performance because none addresses the dominant source of temporal noise, namely 
the reset or "KTC" noise. 

In order to eliminate or greatly suppress the reset (kTC) noise generated by 

25 resetting the detector capacitance, a dedicated memory element is usually needed, 
either on-chip or off-chip, to store the reset voltage to apply correlated double 
sampling by coherently subtracting the stored correlated reset noise while each pixel's 
photo-generated voltage is being read. U. S. Patent 5,471,515 subsequently addressed 
this basic deficiency by developing an APS that uses intra-pixel charge transfer to 

30 store the reset charge at each pixel at the start of each imaging frame. This floating 
gate APS facilitates correlated double sampling with high efficiency by adding several 
transistors and relying on a photogate for signal detection. 

As those skilled in the art will appreciate, in conventional correlated double 

3 
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sampling (CDS) the reset noise is sampled, stored and later subtracted from the 
composite signal level. Both temporal and spatial noise are reduced since the reset 
noise is correlated within each frame. CDS, however, requires a storage means for 
each pixel that resides either on- or off-chip. Adding the memory element to each 
5 pixel compromises the pixel optical fill factor or often requires circuit elements not 
strictly compatible with standard CMOS processes. One alternative — adding the 
memory cell to the integrated circuit — greatly adds to the chip area and associated 
fabrication cost or increases vulnerability to blooming and lag. A second alternative 
— providing the memory in support electronics — requires both full frame memory to 

10 store the reset levels on a frame-by-frame basis and signal processing electronics to 
digitally subtract the stored reset values. 

The drawbacks of various prior art approaches are intractable because they 
increase imager cost. For example, the '515 patent approach adds several transistors 
to each pixel and several million transistors to each imager thereby reducing 

15 production yield. The BASIS apparatus employing bipolar transistors is not 

compatible with standard CMOS gate fabrication so a nonstandard process must be 
developed. These deficiencies were subsequently addressed by Ackland U. S. Patents 
5,576/763 and 5,541,402; and by Chi in U. S. Patents 5,587,596 and 5,608,243. 
Ackland addresses the image lag issues associated with the intra-pixel charge transfer 

20 means but still requires a non-standard CMOS process. Chi reduces pixel complexity 
at the expense of reset noise by instead using the simplest possible active pixel 
comprising only a phototransistor and reset MOSFET. Chi's implementation incurs 
reset noise and compromises spectral response at longer wavelengths by putting the 
photodiode in an n-well. 

25 SUMMARY OF THE INVENTION 

The invention facilitates creation of an improved electronic imaging system 
and also provides an improved method and apparatus for canceling reset noise in an 
APS. A key feature of the invention is an integrated low-noise amplifier that provides 
low temporal and fixed pattern noise while simultaneously providing reasonably high 
30 optical fill factor in mature, cost-effective CMOS processes. Application of the 

invention facilitates construction of a video camera that can be configured as a single 
CMOS integrated circuit supported by only an oscillator and a battery. 

4 
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Important aspects of the present invention are an improved active pixel sensor, 
as well as a low-noise imaging system for implementation in CMOS or in other 
semiconductor fabrication technologies. The low-noise amplifier system minimizes 
the reset noise generated by resetting the integration capacitance via a novel active 
5 pixel sensor (APS) implementation that is capable of reasonably high optical 

collection efficiency in <0.5 fim CMOS. The lower noise of the active pixel sensor 
significantly increases the maximum attainable on-chip signal-to-noise ratio relative to 
the current state-of-the-art. Many current systems require either expensive off-chip 
memory and signal processing or alternative APS schemes which attempt to mimic 
10 charge-coupled device technology to achieve low noisd. The latter schemes are 
typically not directly manufacturable using standard CMOS processes. The present 
invention can be readily manufactured in conventional CMOS processes available at . 
many production foundries. 

The new active-pixel sensor comprises a photodetector and four transistors to 
15 eliminate the reset noise which otherwise occurs. Three of the transistors can be sized 
using the minimum possible dimensions set by the lithography to maximize the 
collection area of the phototransistor. The invention obviates the otherwise 
ubiquitous need for conventional correlated double sampling (CDS) by effectively 
constructing an active-pixel comprising a photodiode, two capacitors and four 
20 transistors. 

To minimize total cost and the signal processing burden for the downstream 
electronics while also facilitating the production of low-noise CMOS imagers with 
reasonably high optical fill factor and low noise, the inventors add a fourth transistor 
to the basic three transistor CMOS active pixel sensor to null the reset noise. Via a 

25 straightforward layout, the fourth transistor facilitates the addition of a relatively small 
storage capacitor, Cstorc, adjacent to the photodiode and a small capacitance, Cft>, to 
couple the storage node to the photodiode. The small capacitive coupling provides a 
linear attenuation in which the programming waveform actively modifies the 
photodiode voltage to cancel the reset noise. Just after each pixel is reset, a feedback 

30 amplifier servicing the pixel and having a gain equal to a specified multiple of the 
linear attenuation factor, nulls out the noise (both temporal and FPN), and the storage 
capacitor is then latched. Upon readout of the photogenerated signal after the 

5 
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prescribed signal integration time, the "raw" output is thus devoid of a substantial 
portion of the reset noise. This technique does not suffer the bandwidth limitations of 
other feedback-based schemes and is therefore compatible with higher row reset rates 
for video rate imaging of large format imagers. Also, it does not require additional 
5 memory to store each pixel's offset voltage. 

The four transistor APS of the present invention comprises a first transistor 
that functions as the driver of a source follower amplifier during signal readout, a 
second transistor which facilitates signal readout, a third transistor which serves as a 
reset switch and a fourth transistor to cancel the reset noise. The reset and read 

10 operations are appropriately facilitated by on-chip digital clocking logic that reads the 
signal from each pixel, multiplexes the signal outputs from an array of pixels, resets 
the pixels, and enables the array of feedback loops to cancel the imager's reset noise 
on a pixel-by-pixel basis. In the typical two-dimensional array, the multiplexing is 
performed, as in the prior art, by horizontal and vertical shift registers. Just after all 

15 the active pixels in a row (in a one- or two-dimensional imaging array) are reset on a 
row-by-row basis, each column buffer cancels the selected pixel's reset noise by 
appropriately modifying the photodiode voltage at the start of the integration cycle. 

For a visible imager APS design, one additional transistor is needed in each 
pixel as compared to the basic three-transistor APS design. This requirement 

20 compromises the optical fill factor, but to a much smaller degree than if an optimally 
sized CDS capacitor were used instead. In addition, since the gate-to-source 
capacitance of the nulling "fourth" transistor is used, and since this capacitance is 
formed by increasing the gate-to-source overlap via the thin gate oxide, the necessary 
real estate is small. The required area is further reduced as compared to that required 

25 for an optimally-sized CDS capacitor. While storing a voltage on the coupling 
capacitor also generates a reset noise, this reset noise is effectively reduced by the 
feedback amplifier's gain and the attenuation of the path from the storage node to the 
photodiode node. The feedback gain is nominally set to some multiple k of the 
reciprocal of the attenuation factor, i.e.: 

30 A v ~g?(k) 

The present invention also eliminates feedthrough-induced offsets stemming from 
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charge pumping. Applying feedback via the column buffer suppresses reset noise 
without having to implement correlated double sampling via on-chip or off-chip 
memory. 

The low noise amplifier system of the present invention is formed by the 
5 aggregate circuitry in each pixel, and the waveform generation circuits and column 
buffers servicing that column or row of pixels. The signals from the active pixels are 
read out by the low-noise signal amplification system consisting of the active-pixel, 
the waveform generators and the column buffer. In addition to providing the means 
for suppressing the detector's reset noise, the column buffer in the downstream 
10 electronics also may perform other typical functions, some of which are optional, 
including sample-and-hold, video pipelining, and column amplifier offset cancellation 
to suppress the temporal and spatial noise that would otherwise be generated by the 
column buffer. 

The low-noise system provides the following key functions: (1) reset noise 
15 suppression using space-efficient analog memory in each pixel to facilitate reset noise 
suppression; (2) high sensitivity via source follower amplification; (3) adequate power 
supply rejection to enable development of cameras-on-a-chip that do not require 
elaborate support electronics; (4) compatibility with application to imaging arrays 
having pixel pitch less than 5 microns when using 0.25 fim lithography; and (5) 
20 enables reasonable optical fill factors using lower cost 0.5 Jim lithography at 5 fim 
pixel pitch. 

The invention has the advantage of full process compatibility with standard 
silicided submicron CMOS, helps to maximize yield and minimize <iie cost because 
the circuit complexity is distributed among the active-pixels and peripheral circuits, 
25 and exploits the signal processing capability inherent to CMOS. The invention's 
spectral response is broad from the near-ultraviolet (400 nm) to the near-IR (>800 
nm). 

Because the low-noise system of the present invention uses four MOSFETs, 
three of which are nearly minimum size, the invention offers as-drawn optical fill 
30 factor of approximately 12% at 7 fim pixel pitch using 0.5 (im design rules in the 
single-poly, three-metal CMOS available from many foundries. The actual optical fill 
factor is somewhat larger due to lateral collection and the large carrier diffusion length 
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of commercial CMOS processes. Migrating the scheme to 0.25 fim rules increases the 
fill factor to above 40%. A final advantage is the flexibility to collocate digital logic 
and signal-processing circuits due to the invention's immunity to electromagnetic 
interference. 

5 When fully implemented in the desired camera-on-a-chip architecture, the low- 

noise APS with fast reset can provide temporal read noise <15 e- at data rates 
compatible with either high frame rate video imaging or still photography via 
electronic means. It is also capable of minimizing fixed pattern noise to below 0.01% 
of the maximum signal (on a par with competing CCD imagers), <0.5% nonlineaiity, 
10 -IV signal swing for 3.3V power supply, large charge-handling capacity, and variable 
sensitivity using simple serial interface updated on a frame-by-frame basis via digital 
interface to a host microprocessor. 

RRTF.F DESCRIPTION OF THE DRAWINGS 

The just described invention, as well as its objects and advantages, will become 
15 readily apparent upon reference to the following detailed description when considered in 
conjunction with the accompanying drawings, in which like reference numerals 
designate like parts throughout the Figures thereof, and wherein: 

Figure 1 is a schematic circuit diagram illustrating an amplifier system 
comprising a source follower per detector used in active-pixel imaging sensors of the 
20 prior art; 

Figure 2 is a schematic circuit diagram illustrating the low-noise active-pixel 
of the preferred embodiment of the present invention; 

Figure 3 is a schematic circuit diagram illustrating the low-noise active-pixel 
of the preferred embodiment during offset-nulling feedback; 

25 Figure 4 is a schematic circuit diagram illustrating the low-noise active-pixel 

of an alternative embodiment of the present invention during offset-nulling feedback; 

Figure 5 shows a representative clocking diagram for the preferred 
embodiment; and 

Figure 6 shows a representative clocking diagram for the alternate 
30 embodiment. 

8 
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DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The following description is provided to enable any person skilled in the art to 
make and use the invention and sets forth the best modes contemplated by the inventors 
of carrying out their invention. Various modifications, however, will remain readily 
5 apparent to those skilled in the art. 

Visible imaging systems implemented in CMOS have the potential for 
significant reductions in cost and power requirements in components such as image 
sensors, drive electronics, and output signal conditioning electronics. An objective is 
a video camera that can be configured as a single CMOS integrated circuit supported 
10 by only an oscillator and a battery. Such a CMOS imaging system requires lower 
voltages and dissipates much less power than a CCD-based system. These 
improvements translate into smaller camera size, longer battery life, and applicability 
to many new products. 

Because of the advantages offered by CMOS visible imagers, there have been 
15 ongoing efforts to develop active-pixel sensor (APS) devices. Active-pixel sensors 
can provide low read noise comparable or superior to scientific grade CCD systems. 
The active circuit in each pixel of an APS device, however, utilizes cell "real estate" 
that could otherwise be used to enable imagers having optical format compatible with 
standard lenses and/or to maximize the sensor optical fill factor for high sensitivity. 
20 Active-pixel circuits also may increase power dissipation relative to passive-pixel 
alternatives, increase fixed pattern noise (possibly requiring additional circuitry to 
suppress the noise), and limit the scalability of the technology. 

The CMOS readout and amplification system provided according to the 
present invention is directly applicable to a practical design for an active-pixel array. 

25 A representative embodiment of the low-noise APS invention is configurable, for 
example, as a visible imager comprising an array of 1032 (columns) by 776 (rows) of 
visible light detectors (photodetectors). Using standard 0.5 fim design rules, the rows 
and columns of pixel can be spaced at 7 microns center-to-center to achieve an as- 
drawn optical fill factor of 12%. Adding microlenses over the optically active area 

30 increases the effective fill factor to over 50%. Other conceptual computer-aided 
design (CAD) layouts using 0.25 fim rules imply that the scheme provides as-drawn 
optical fill factor of >50% at a highly desirable pitch of 5.6 /im. Several columns and 
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rows of detectors at the perimeter of the light-sensitive region can be covered with 
metal to establish the dark level for various signal processing functions including 
automatic gain control. In addition, the detectors in each row can be covered with 
color filters to produce color imagers. For example, the odd rows may begin at the 
5 left with red, green, then blue filters, and the even rows may begin with blue, red, then 
green filters, with these patterns repeating to fill the respective rows. 

A low-noise active-pixel sensor 10 according to the preferred embodiment of 
the present invention is illustrated in the schematic diagram of Figure 2. In the 
preferred embodiment, each pixel 10 of the sensor array includes a photodetector, 

10 such as a photodiode 12. The cathode or node N of the photodiode 12 connects to the 
gate Gj of a driver MOSFET Ml, the source S3 of a reset MOSFET M3 and one side 
of a coupling capacitor Cfb. The second side of the coupling capacitor Cfb connects to 
one side of a storage capacitor Cstwe, and to the drain D4 of the MOSFET M4. The 
gate G4 of the MOSFET M4 connects to a feedback bus 28. A video bus 20 connects 

15 all the pixel outputs Vi ... V D in a column of the photodetector array, via a respective 
pixel enable MOSFET M2, to a common current source 30 and a column buffer 40. A 
row or column bus 22 connects the drain Di of the first MOSFET Ml of each pixel 10 
in a column to the power supply voltage Vdd and reset voltage Vrst. A row or column 
bus 24 connects the gate G3 of each MOSFET M3 of each pixel 10 in a column to the 

20 reset clock, Orst. A row bus 26 connects the drain D3 of each MOSFET M3 of each 
pixel in a row to the row reset supply voltage Vrst. The shared voltage Vrst, Vdd is set 
to about 2.5V during the time each specific row is being processed and is otherwise 
disconnected when other rows are successively read out, reset and their reset noise 
adaptively nulled. In the embodiment shown in Figure 1, Vrst and Vdd are shown as 

25 being applied at the same point, with buses 22, 26 connected together to maximize 
optical fill factor. Alternatively, buses 22 and 26 could be disconnected from one 
another and separately connected to voltage sources Vdd, Vrst as shown in copending 
U. S. patent application Serial No. 09/081,541, filed May 19, 1998, incorporated by 
reference herein, to maximize dynamic range in processes having at least three metal 

30 levels. 

Each transistor Ml, M2, M3, M4 may be referred to as having three legs. For 
an MOS transistor, these legs correspond respectively to its source, gate and drain 



10 



WO 00/19706 



PCT/US99/22562 



sides. Each transistor may be further referenced as having a control leg, which would 
correspond, for example, to the gate terminal of an MOS transistor or the base of a 
bipolar transistor. 

The photodiode 12 may comprise a substrate diode, for example, with the 
5 silicide cleared. In such an embodiment, which is compatible with most CMOS 
processes, it is necessary to clear the silicide because it is opaque to visible light. 
Those skilled in the art will appreciate that each pixel 10 is designed in the simplest 
form to obtain the largest available light detecting area while providing broad spectral 
response, control of blooming and signal integration time, and compatibility with 
10 CMOS production processes. 

For maximum compatibility with standard submicron CMOS processes, the 
photodiode 12 may be formed at the same time as the lightly doped drain (LDD) 
implant of n-type MOSFETs for the chosen process; this creates an n-on-p photodiode 
junction in the p-type substrate. Since no additional ion implantation is necessary, the 
15 process and wafer cost for the active-pixel circuit 10 are the same as those of standard, 
high volume digital electronic products. 

Figure 3 shows the active-pixel 10 configured in the offset-nulling mode. 
The signals from the photodetectors 12 are read out after a prescribed integration time 
one row at a time, from bottom to top of thearray to accommodate lens-related image 

20 reversal; During signal integration for n-on-p photodetector polarity, the photodiode 
node N driving the gate of the source follower Ml discharges from the reset voltage, 
V re t, to a lower voltage. The discharge rate depends directly upon the incident signal. 
Within each row, the photodetectors 12 are read out from left to right. In preparation 
for reading and resetting each row, V re t is set to about 2.5V. The upper leg of the first 

25 MOSFET Ml is connected via the row bus 22 to a low-impedance voltage source Vdd 
to maximize dynamic range. Otherwise, to maximize optical fill factor, it is 
connected to Vni- Readout then starts by turning on the access or "row select" 
MOSFETs M2 of all the photodetectors 12 in a selected row. The lower leg of the 
access MOSFET M2 thereby connects to a current source 30 servicing each column 

30 via bus 20. As noted, the first MOSFET Ml is a source follower driver that 

efficiently transfers the conditioned, photo-induced signal voltage from each row- 
selected photodiode 12 to the column bus 20. The transimpedance of the source 

11 
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follower amplifier is inversely proportional to the total capacitance at the gate of the 
first driver or MOSFET Ml including the detector and various strays. 

The photodetectors 12 are reset one row at a time, from bottom to top of the 
array. Within each row, photodetectors 12 are read out from left to right. Reset starts 
5 by fully enabling the reset MOSFETs M3 in the selected row by setting the gate 
voltage to 3.3V via the <E>n* clock, thereby connecting the low-impedance voltage 
source V Rl to each photodiode 12 in a row. This clears the photo-induced charge from 
the photodiodes 12. 

During the offset suppression epoch, a feedback amplifier 50 is first 

10 programmed to some multiple of the ratio of Cpd to Cn>. In the preferred embodiment, 
the multiple used is approximately 2.5. Experiments have shown the preferred value 
to be in the range of approximately 2.5 - 3.0. During signal readout, on the other 
hand, the feedback amplifier 50 is otherwise programmed to a gain commensurate 
with the desired signal sensitivity needed for optimum imaging. The null and latch 

15 clock, 0>nui]&iatch, is next raised from ground to the supply voltage Vdd to enable the 
fourth MOSFET M4 and close the feedback loop comprising the feedback bus 101 
and the column buffer 40. The amplified pixel reset signal thus applies a voltage to 
the storage capacitance, Cstore. Since the pixel 10 has just been reset and several 
microseconds have transpired to allow the output to settle, the signal voltage on Cstore 

20 is predominantly the amplified offset noise. The amplified offset applied to the storage 
capacitor C sto re subsequently capacitively couples, via the small coupling capacitor Cft>, 
to the integrating node of the photodiode 12 and its capacitance Cpd with a linear 
attenuation that is roughly proportional to the ratio of Cfb to Cpd. This linear 
attenuation normalizes the amplified offset signal to approximately unity and the 

25 resulting photodiode voltage is essentially devoid of reset noise. 

The capacitor Cm is formed by suitably overlapping either the storage node N 
or an available interconnect layer to a photodiode interconnect layer. The capacitor 
Cstore is formed by a MOSFET capacitor that is preferably implemented by increasing 
the gate-to-diffusion overlap of the MOSFET M4 to achieve the desired capacitance. 
30 Since the photodiode capacitance will typically be on the order of 10" 14 F for CMOS 
active-pixels in 5 to 8 |im pitch, the capacitor Qtore can be an order of magnitude 
smaller because the reset noise created by programming Cstore is attenuated by the ratio 
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of Cfb to Cp<j. The linear attenuation within the pixel 10 hence reduces the requisite 
Cstore size by over an order of magnitude compared to the classic implementation of 
correlated doubled sampling. The capacitance Cn> is chosen in practice to be on the 
order of 1 fF to provide roughly ten-fold linear attenuation. The preferred 
5 embodiment thus embodies the size-reducing advantage of simulating two capacitors 
and obviates using two discrete capacitors or other charge storage means. 

Hence, just after each pixel 10 is reset, the feedback amplifier 50 servicing the 
pixel 10 nulls out the noise (both temporal and FPN), and the voltage on the storage 
capacitor Cstore is then latched. Upon readout, the "raw" video output is thus devoid of 

10 the reset noise stemming from the reset noise created by resetting the detector 

capacitance. The reset noise created by programming the storage capacitance Cstore is 
attenuated by about an order of magnitude to make it negligible. This technique does 
not suffer the bandwidth limitations of other feedback-based schemes and is therefore 
compatible with higher row reset rates for video rate imaging of large format imagers. 

15 Also, it does not require external memory. 

Figure 4 shows a preferred embodiment for the feedback loop for servicing the 
active pixel 10, including the feedback bus 101 and the relevant portion of the column 
buffer 40 necessary to either feed back the appropriately amplified pixel signal to null 
the offset noise read, or to read the conditioned APS output signal with suitable gain 
20 to achieve the required sensitivity. In addition, the preferred embodiment includes an 
offset-canceled output buffer to further buffer the video signal. 

According to the circuit of Figure 4, an inverting amplifier 50 buffers the pixel 
signal V n with variable, programmable gain and drives an offset cancellation circuit 
60. Programmability of the gain of the amplifier 50 is provided by incorporating 
25 several feedback capacitor combinations 61 to optimize optical sensitivity over a 
range of camera "f-stops". 

The offset cancellation circuit 60 of Figure 4 cancels offsets created by the 
amplifier 50. The amplifier 60 provides unity gain and includes a main amplifier 62 
comprising a single stage transconductor with a high output impedance connected to 
30 an output bus 61. A unity gain buffer is obtained by connecting the output 61 of the 
amplifier 62 to its inverting (-) input through a feedback connection offset switch 64, 
unhooking the reference voltage REF1 by means of a reference switch 66, and 
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connecting the photo-generated signal supplied by the output 59 of the amplifier 50 to 
the noninverting (+) input of the amplifier 62. Threshold adjustment is obtained by 
placing a low transconductance amplifier 72 in parallel with the main amplifier 62. 
To cancel the offset, the amplifier 62 is put in a high gain mode by opening the 
5 feedback connection switch 64. The inverting (-) input to amplifier 72 is tied to the 
reference voltage REF1, and the output 61 is connected to a filter capacitor 74 and a 
sample capacitor 76 through an offset switch 78. In response, the amplifier 72 
generates a current to cancel the unbalance current of the main amplifier 62. The 
correction voltage is trapped on the capacitor 76, and the main amplifier 62 is restored 
10 to its unity gain configuration. This technique of offset cancellation is further 
described in Degrauwe et al. v "A Micropower CMOS-Instrumentation Amplifier," 
IEEE Journal of Solid-State Circuits, Vol. SO20, No. 3, pp. 805-807 (June 1985). 

Figure 5 shows a representative clocking waveform pertaining to the circuitry 
of Figure 3 to enable successively reading the pixel 10, resetting the pixel 10 and 

15 extinguishing the pixel's reset noise. In the basic timing diagram of Figure 5, each 
row of the imager is processed over a line time of approximately 25 /isec. While 
much shorter line times are possible, the example is consistent with a 1024x768 
imager operating at roughly a 60 Hz frame rate. During the 25 /isec interval when 
Row N is selected, each specific pixel 10 in the row N is read, reset and then the offset 

20 noise for each pixel in the row is canceled. Pixel Read is easily accommodated over 
the first 15 /isec of the line period. All of the pixels 10 in the row are then reset over 
about 2 /isec by strobing <E> re t and allowing the pixels 10 to settle for an additional 2 
/isec. The Onuu&btch clock is then strobed to close the feedback loop and extinguish 
the selected pixel's reset noise. Identical clock waveforms are then applied to all of 

25 the pixels of the next row (N+l). 

The preferred embodiment of Figure 4 requires the clocking shown in Figure 
6. In Figure 6, the "Offset" clock is added to the basic waveform set previously 
described to facilitate operation of the offset cancellation circuit 60 of the column 
buffer 40. During the 25 /isec interval when Row N is selected via the enable clock 
30 $N, buffer offset cancellation is first accomplished so that each column buffer has 
negligible offset nonuniformity. Strobing the Offset clock first opens the feedback 
loop during the first several microseconds of the available row epoch to null the input 
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offset nonuniformity to the order of 100 /zV. The feedback loop is then closed to 
subsequently provide output buffering at unity gain with negligible dc offset. All of 
the pixels 10 in a row are read, reset and then their offset noise is canceled. Pixel 
Read is easily accommodated over the first 15 fisec of the line period. The pixel is 
5 first reset for about 2 jisec by strobing <J> rs t. It is then allowed to settle for about 2 
fisec. The 0>nuii&iatch clock is then strobed to close the pixel-column buffer feedback 
loop and extinguish the selected pixel's reset noise. Identical clock waveforms are 
then applied to the next row (N+l). Those skilled in the art will appreciate that the 
embodiment of Figures 4 and 6 reduces the various offsets including the reset noise 
10 and the threshold voltage offsets from the MOSFET M2 in each pixel because each 
photodetector 12 is independently nulled to cancel all pixel-to-pixel variations 
including those induced by substrate charge pumping. 

In various preferred embodiments according to the present invention, the 
various clocks which together facilitate active-pixel reset, readout and offset noise 

15 elimination, are generated on-chip using standard CMOS digital logic and both 

column and row clocks. The digital logic thus enables "windowing" and various other 
region-of-interest functions including random access, wherein a user can read out the 
imager in various formats and locations simply by enabling the appropriate support 
logic to clock the appropriate subformat. With windowing, the 1032 x 776 format of 

20 the candidate embodiment can be read out as one or more arbitrarily sized and 

positioned M X N arrays without having to read out the entire array. For example, a 
user might desire to change a computer-compatible "VGA" format (i.e., 
approximately 640 X 480) to either Common Interface Format (CIF; nominally 352 x 
240) or Quarter Common Interface Format (QCIF; nominally 176 x 120) without 

25 having to read out all the pixels in the entire array. This feature simplifies support 
electronics to reduce cost and match the needs of the particular communication 
medium. As an example, a personal teleconference link to a remote user having only 
QCIF capability could be optimized to provide QCIF resolution and thus reduce 
bandwidth requirements throughout the teleconference link while also reducing the 

30 imager power dissipation. As a further example, an imager configured in Common 
Interface Format (CIF) could provide full-CIF images while supplying windowed 
information for the portions of the image having the highest interest for signal 
processing and data compression. During teleconferencing the window around a 
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person's mouth (for example) could be supplied more frequently than the entire CDF 
image. This scheme would reduce bandwidth requirements throughout the conference 
link. 

Those skilled in the art will appreciate that various adaptations and modifica- 
5 tions of the just-described preferred embodiment can be configured without departing 
from the scope and spirit of the invention. Therefore, it is to be understood that, within 
the scope of the appended claims, the invention may be practiced other than as 
specifically described herein. 
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CLAIMS 



What Is Claimed Is : 

1 L An active pixel circuit having a photodetector, a source follower driver 

2 transistor, a row select transistor, a reset transistor, and a fourth transistor, the circuit 

3 comprising: 

4 a first capacitor connected in parallel with the photodetector, and 

5 a second capacitor connected between the reset transistor and the fourth 

6 transistor. 

1 2. The circuit of Claim 1 , further comprising a feedback amplifier 

2 connected between the row select transistor and the fourth transistor, wherein the gain of 

3 the amplifier equals a specified multiple of a reciprocal of a linear attenuation factor. 

1 3. The circuit of Claim 2, wherein the reciprocal of the linear attenuation 

2 factor is a ratio of the value of the first capacitor to the value of the second capacitor. 

1 4. The circuit of Claim 3, wherein the feedback amplifier reduces reset 

2 noise caused by resetting the photodetector. 

1 5. The circuit of Claim 4, further comprising a third capacitor connected 

2 between a node, formed by the fourth transistor and the second capacitor, and a circuit 

3 ground. 

1 6. An active pixel sensor circuit comprising: 

2 (a) a photodetector element having a node; 

3 (b) a first transistor having a control leg connected to the node and 

4 second and third legsi the third leg being connected to a power supply voltage; 

5 (c) a second transistor having a control leg and fourth and fifth legs, 

6 the fourth leg connected to the second leg of the first transistor; 

7 (d) a third transistor having a control leg and sixth and seventh legs, 

8 the seventh leg being connected to a reset voltage source; 

9 (e) a fourth transistor having a control leg and eighth and ninth legs; 

10 (f) a first capacitance connected in parallel to the photodector; and 

11 (g) a second capacitance formed between the eighth leg and the sixth 

12 leg. 
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1 7. The apparatus of Claim 6 further including an amplifier having an output 

2 connected to the ninth leg, the amplifier having a gain equal to a specified multiple of 

3 the ratio of the first capacitance to the second capacitance. 

1 8. The circuit of Claim 7, wherein the feedback amplifier reduces reset 

2 noise caused by resetting the photodetector. 

1 9. The apparatus of Claim 8 wherein each of the first, second, third and 

2 fourth transistors comprises a MOSFET. 

1 10. The apparatus of Claim 9 wherein each the MOSFET is fabricated in 

2 CMOS. 

1 11. The apparatus of Claim 9 wherein the photodetector comprises a 

2 substrate diode with a silicide portion thereof removed. 

1 12. The apparatus of Claim 6 wherein the second capacitance comprises an 

2 overlapping portion of the node and an interconnect layer of the diode, 

1 13. The apparatus of Claim 6 wherein the second capacitance comprises a 

2 first interconnect layer overlapping a second interconnect layer. 

1 14. The apparatus of Claim 6 wherein the second interconnect layer is a 

2 photodiode interconnect layer. 

1 15. The apparatus of Claim 9 wherein the photodetector comprises an n on 

2 p photodiode junction in a p-type substrate. 

1 16. The apparatus of Claim 9 wherein the photodetector comprises a p on n 

2 photodiode junction in an n-type substrate. 

1 17. The apparatus of Claim 6 comprising a third capacitance formed between 

2 the eight leg and the sixth leg. 

1 18. In an active pixel circuit including a photodetector, a source follower 

2 driver MOS transistor, a row select MOS transistor, a reset MOS transistor, a fourth 
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3 MOS transistor, and first and second capacitances, the first capacitance connected in 

4 parallel to the photodetector, a method for reducing reset noise, the method comprising: 

5 arranging the fust and second capacitances to apply a ratio of the values 

6 thereof to a voltage on one of them; 

7 reading out the voltage on the photodetector; 

8 resetting the photodetector, and 

9 canceling reset noise created by resetting the photodetector by applying a 

10 gain which is a specified multiple of the inverse of the ratio to generate a noise 

1 1 cancellation signal for supply to the fourth transistor. 

1 19. The method of Claim 1 8 wherein the step of reading out the voltage on 

2 the photodetector includes the step of holding off the reset MOS transistor and turning 

3 on the row select MOS transistor. 

1 20. The method of Claim 19 wherein the step of resetting the photodetector 

2 comprises the step of fully enabling the reset MOS transistor. 

1 21. The method of Claim 19 wherein the step of reading out the voltage 

2 further includes the step of programming a feedback amplifier to a gain selected to 

3 provide desired signal sensitivity for optimum imaging. 

1 22. The method of Claim 1 8 wherein the step of canceling reset noise 

2 includes the step of setting a gain of a feedback amplifier equal to a specified multiple of 

3 the inverse of the ratio. 

1 23. The method of Claim 22 wherein the step of reading out the voltage 

2 further includes the step of programming the feedback amplifier to a gain selected to 

3 provide desired signal sensitivity for optimum imaging. 

1 24. The method of Claim 22 wherein the step of canceling the reset noise 

2 further comprises the step of enabling the fourth transistor to close a feedback loop to 

3 the first capacitance, the feedback loop including the feedback amplifier. 

1 25. The method of Claim 24 wherein the second capacitance supplies a 

2 normalizing signal to an integrating node of the photodiode. 
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1 26. The method of Claim 25 further including the step of canceling offset 

2 created by the feedback amplifier. 

1 27. In an imager pixel including a photodetector having a node and further 

2 having first, second, third and fourth transistors, a method of improving performance 

3 comprising: 

4 creating a first capacitance in parallel with the photodetector, 

5 creating a second capacitance in the pixel adjacent the node, the first and 

6 second capacitances having a ratio; and 

7 employing an amplifier having a gain which is a specified multiple of the 

8 ratio to cancel reset noise resulting from resetting the photodetector. 

1 28. The method of Claim 27 wherein the first, second, third and fourth 

2 transistors comprise MOS transistors. 

1 29. An imager pixel comprising: 

2 a photodetector, 

3 a first capacitance connected in parallel to the photodector; 

4 a second capacitance adjacent the photodetector and connected so 

5 as to supply a voltage on the first capacitance to the photodetector while 

6 multiplying that voltage by the ratio of the second capacitance to the first 

7 capacitance; 

8 a first transistor means for functioning as the driver of a source 

9 follower amplifier during signal readout; 

10 second transistor means for controlling signal readout; 

1 1 third transistor means for serving as a reset switch; and 

12 a fourth transistor means for transferring a voltage to the first 

13 capacitance. 

1 30. The imager pixel of Claim 27 and further including a feedback circuit for 

2 generating the voltage. 

1 31. The invention of Claim 30 wherein the feedback circuit includes an 

2 amplifier having a gain which is a specified multiple of the ratio. 
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